Polarization conversion with elliptical patch nanoantennas
In this paper, we demonstrate arrays of optical patch nanoantennas can convert light polarization through reflection. By breaking the azimuthal symmetry, elliptical plasmonic patch nanoantennas exhibit both even and odd cavity modes, which can be expressed by Mathieu functions. It is shown that by properly orienting the incident polarization, a linearly polarized light in resonance with one cavity mode can be converted into an elliptical or circular polarization after reflection. Since the major cavity modes can be excited at all incident angles, the polarization conversion by these elliptical patch nanoantennas can be realized with wide range of incident angles. Controlling the polarization state of light is critical for a wide range of applications. Traditionally, wave plates of birefringent materials and optical gratings have been used for polarization conversion and rotation. Recently, it has been shown that plasmonic structures and/or metamaterials exhibit extraordinary capabilities in controlling and manipulating the polarization states of the light.
1 For example, metamaterials with giant optical activities and circular dichroism can be achieved through engineering the structural and extrinsic chirality of the system. [2] [3] [4] [5] [6] [7] [8] Due to the broken frontback symmetry, 2D arrays of planar chiral structures of gammadion-shaped nanoparticles or nanoapertures exhibit large circular dichroism and giant optical activity, 9 similar to conventional three-dimensional materials. For achiral nanostructures, optical activities and circular dichroism can be enhanced by arranging them in a chiral maps, 7, 8 an effect similar to structural chirality in the cholesteric liquid crystals. In other approaches H-shaped non-chiral structures, 1 elliptical antenna grating, 10 cavity involved structures, 11, 12 space-variant grating, [13] [14] [15] can also be used for polarization control.
Recently, plasmonic patch nanoantennas consisting of metal nanodisks on top of a metal film with a dielectric spacer layer have attracted considerable attention due to their capability to enhance local fields for surface enhance Raman spectroscopy, 16 gas and chemical sensing, 17, 18 and perfect absorption. [19] [20] [21] In a previous publication, we studied the cavity modes and their excitation conditions for elliptical plasmonic patch nanoantennas and showed that breaking the circular symmetry leads to the presence of both even and odd cavity modes and that the excitation configurations for these modes are dictated by their modal symmetries. 22 Analytical expressions of the modal field distributions were obtained with resonant conditions in good agreement with experimental and simulation results. 22 In this work, we show that an optical patch antenna array can not only confine light into ultra-small modal volumes but also provide a polarization conversion in the reflection. By properly orienting the incident polarization with regards to the patch axis, a linearly polarized light in resonance with one cavity mode can be converted into a circular or elliptical polarization after reflection. Simulation studies indicate that the major cavity modes can be excited at all incident angles, and thus the polarization conversion can be realized as independent of the incident/reflection angle. It should be pointed out that 2D arrays of metaldielectric-metal (MDM) nanoantennas with elliptical shapes should function similarly in polarization conversion, while the smaller aspect ratio of the top patches in the patch nanoantennas provides a great advantage in the fabrication processes.
The design for elliptical patch nanoantennas is schematically shown in Fig. 1(a) . To fabricate the plasmonic patch nanoantennas, a 10 nm NiCr adhesion layer and a 100 nm Ag film were sequentially deposited on a polished silicon substrate; then a 15 nm Al 2 O 3 spacer layer was deposited on top of the Ag film using atomic layer deposition (ALD). The elliptical Ag disks were then patterned through the standard procedures of electron beam lithography, electron beam evaporation, and lift-off. Plasmonic patch nanoantennas with different patch sizes and periodicities (300 nm, 500 nm) were fabricated. A representative scanning electron microscopic (SEM) picture of the fabricated sample is shown in Fig. 1(b) . To measure the reflection spectra, the samples were illuminated from the air-metal side with a focused white light beam (contain both normal and tilted incidence) using a 40Â (0.6 NA) objective. The reflected light was collected by the same objective and coupled into the entrance slit of an imaging spectrograph for spectral measurements. A polarizer and an analyzer were inserted into the optical path for controlling the incident polarization and analyzing the polarization status of the reflected light.
The measured reflection spectra for three representative patch nanoantenna samples are presented in Figs. 
2(a)-2(c).
For the sample a with 130 nm Â 100 nm patch diameters and 300 nm period, two sets of resonant dips (or cavity modes) are excited by the incident light with polarization along the long (red curve) and short axes (blue curve), respectively, and can be observed simultaneously with un-polarized incident light (black curve) ( Fig. 2(a) ). For the sample b with the same periodicity (300 nm) but increased patch sizes (154 nm Â 120 nm), the measured reflection spectra exhibit similar resonant dips with red-shifted resonant wavelengths (Fig. 2(b) ). For the sample c with a larger period (500 nm) and the patch size of sample a, the resonant dips become shallower with locations the same as that in sample a (Fig. 2(c) ).
To elucidate the cavity modes signaled by these dips, we performed numerical simulations with a commercial software package (CST MICROWAVE STUDIO), which solves the Maxwell equations using finite-integration techniques. A hexahedral mesh scheme was used with mesh sizes much smaller than the surface plasmon wavelength. The dielectric permittivity of Ag was represented by the Drude model e Ag ¼ e 1 À x p 2 /x(x À ix c ), where e 1 ¼ 3.57, x p ¼ 1.388 Â 10 16 rad/s, and x c ¼ 1.064 Â 10 14 Hz. 23 The dielectric permittivity for the aluminum oxide gap was fixed at 2.4. Normal and oblique incidences with s and p polarizations were used to excite the patch nanoantennas, and the far-field reflection spectra were obtained by averaging calculated reflections for two (p and s) polarizations and two incident angles (0 and 20 ). The simulated reflection spectra agree well with the measurements, as seen in Figs. 2(a)-2(f) . To identify the cavity modes, we calculated the electrical field distributions inside the dielectric layers at these resonant frequencies. As an example, the results for the sample a are shown in Fig. 3 .
As demonstrated in our previous work, the dominant electrical field component E z for the cavity modes can be expressed as the product of the even and odd radial and angular Mathieu functions 
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FIG. 2. Measured ((a)-(c)) and calculated ((d)-(f)
) reflection spectra for the plasmonic patch nanoantenna arrays. (a) and (d) for sample a with 130 Â 100 nm patch diameters and 300 nm period; (b) and (e) for sample b with 154 Â 120 nm patch diameters and 300 nm period; (c) and (f) for sample c with 130 Â 100 nm patch diameters and 500 nm period. Red and blue curves represent the reflection spectra for the incident polarization parallel to the long and short patch axes, respectively. Black curves represent the reflection spectra for un-polarized incident light. 1) and (2) Figs. 3(a)-3(f) and for other samples as marked in Fig. 2 . As demonstrated in our previous work, the fundamental modes e 11 and o 11 can be excited with wide range of illumination angles and thus present strong absorption in the reflection spectra. 22, 25 To analyze the polarization status of the reflected light, we inserted an analyzer in front of the spectrometer. The angle between the patch long axis and the polarizer is denoted as b and that between the polarizer and analyzer is denoted as h. The reflection spectra at different h are shown in Figs. 4(a)-4(c) for samples a-c, respectively . Over the whole range of wavelength measurements, we found that the measured reflection intensity at each wavelength k can be fitted with
This implies that the polarization becomes elliptical after reflection. Ellipticity, defined as (I min /I max )
, is normally employed to characterize polarized light. Ellipticity equal to 1 and 0 corresponds to the circular and linear polarization status, respectively. From fitting the reflection spectra at individual wavelength k with Eq. (3), we obtained the ellipticity spectra. The results, as shown in Fig. 4(d) , clearly indicate that the ellipticity approaches unity at the resonant wavelength of the e 11 mode for samples a and b, while it is close to zero for wavelengths around 600 nm. While for sample c, the ellipticity is mostly smaller than unity (Fig. 4(d) ).
This phenomenon of polarization conversion can be understood from two physical aspects. First, the incident and reflected electrical fields can be projected into two directions parallel to the major axes of the patches; the difference between the resonant frequencies of the e 11 and o 11 modes leads to a phase delay between these two electrical field components. This can be verified by the numerical simulations. As shown in Fig. 5 for sample a, a p phase change from short to long wavelengths can be observed for the magnetic field inside the cavity for both incident polarizations. This p phase change is expected if we consider the cavity resonance as a Lorentz oscillator and the phase delay is given by
where c and x o represent the damping constant and the resonant frequency, respectively, which can be obtained by fitting the simulated near field spectra within the cavity with a Lorentzian shape. As can be seen from Fig. 5(a) , the Lorentzian oscillator model is in good agreement with the simulated phase for the magnetic field inside the cavity. At the e 11 resonant frequencies, the electrical field parallel to the long axis experiences p/2 phase delay from the cavity resonance; while the electrical field perpendicular to the long axis does not have cavity resonance and thus have a p phase delay. This p/2 difference in phase delay between two electrical field components provides the foundation for a circular polarized light at cavity resonant frequencies. The e 11 and o 11 cavity modes used for polarization rotation can be excited with both normal and tilted illumination as observed in our previous study; 22 therefore, the polarization control with these fundamental modes is possible with all incident light.
Second, the ellipticity of the reflected light is sensitive to the polarization direction, i.e., b of the incident light. This is because the angle b determines the amplitudes of the incident electrical fields along the two axes of the patches. Therefore, by varying b, the amplitudes of the reflected field components can be tuned to be equal, leading to circular polarization such as in sample a and b.
To summarize, we have experimentally and numerically shown that arrays of elliptical plasmonic nanopatch antennas can convert linear polarized light to circular polarized light based on resonant excitation of the first cavity mode which is a magnetic dipole mode; coupling light with these magnetic modes leads to phase retardation which can be described by a Lorentz oscillator model. The periodicity and the reduced symmetry of the patch play an important role as well. Although a drawback due to the light absorption exists, the ability to tune the working wavelength and the little angle dependence in polarization conversion make the elliptical patch antennas a good candidate for practical applications.
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